Background-The mechanisms linking obesity to hypertension have not been established, but sodium retention and excessive sympathetic tone are key contributors. The natriuretic peptides are important regulators of sodium homeostasis and neurohormonal activation, raising the possibility that obese individuals have an impaired natriuretic peptide response. Methods and Results-We examined the relations of plasma B-type natriuretic peptide (BNP) and N-terminal proatrial natriuretic peptide (N-ANP) to body mass index in 3389 Framingham Study participants (1803 women) without heart failure. Multivariable regression analyses were performed, adjusting for clinical and echocardiographic covariates. BNP levels below the assay detection limit and N-ANP levels in the lowest sex-specific quartile were categorized as low. Multivariable-adjusted mean plasma BNP levels in lean (Ͻ25 kg/m 2 ), overweight (25 to 29.9 kg/m 2 ), and obese (Ն30 kg/m 2 ) men were 21.4, 15.5, and 12.7 pg/mL, respectively (trend PϽ0.0001). Corresponding values in women were 21.1, 16.3, and 13.1 pg/mL (trend PϽ0.001). A similar pattern was noted for plasma N-ANP. Obese individuals had higher odds of having low plasma BNP (multivariable-adjusted odds ratios: men, 2.51; 95% CI, 1.71 to 3.68; women, 1.84; 95% CI, 1.32 to 2.58) and low plasma N-ANP (odds ratios: men, 4.81; 95% CI, 2.98 to 7.76; women, 2.85; 95% CI, 2.01 to 4.04) compared with lean individuals. Diabetes also was associated with low plasma natriuretic peptide levels, and the negative effects of obesity and diabetes on natriuretic peptide levels were additive. Conclusions-Obese individuals have low circulating natriuretic peptide levels, which may contribute to their susceptibility to hypertension and hypertension-related disorders. 
O besity is a major risk factor for hypertension 1 and hypertension-related disorders such as left ventricular hypertrophy. 2 The mechanisms linking obesity to the development of hypertension have not been established, although it has been suggested that renal sodium and water retention 3 and increased activation of the sympathetic and renin-angiotensin systems 1, 4 may contribute. Because the natriuretic peptide system plays a key role in the regulation of these processes, it has been speculated that obese individuals have an impaired natriuretic peptide response, and the phrase natriuretic handicap has been used to describe this phenomenon. 5 The existence of such a handicap has not been proven, although limited experimental data suggest that plasma atrial natriuretic peptide (ANP) levels fail to rise appropriately in obese subjects after a saline load. 6 Although the demonstration of low plasma natriuretic peptide levels in obese individuals would support the concept of a natriuretic handicap, the frequent coexistence of conditions such as hypertension and diabetes may confound the relations of obesity and natriuretic peptide levels. Hypertension seems to elevate circulating natriuretic peptide levels, 7, 8 whereas the effect of diabetes is less clear. 9, 10 The availability of routine plasma natriuretic peptide measurements on more than 3000 individuals in the Framingham Heart Study made it possible to investigate the impact of obesity on natriuretic peptide levels and to distinguish this impact from that of hypertension, diabetes, and other characteristics.
Methods

Study Sample
The Framingham Heart Study offspring cohort was initiated in 1971 with the recruitment of 5124 participants, offspring (and their spouses) of the original Framingham Heart Study participants. 11 From 3532 attendees at the sixth offspring examination (1995 to 1998), we excluded 143 participants for the following reasons: unavailable plasma natriuretic peptide levels (nϭ80), renal insufficiency (creatinine Ͼ2.0 mg/dL; nϭ21), history of congestive heart failure (nϭ33), and missing anthropometric data (nϭ9). After exclusions, 3389 subjects (96% of attendees; 1803 women) remained eligible.
All subjects underwent a routine physical examination, with medical history, laboratory assessment of cardiovascular disease risk factors (including plasma natriuretic peptide levels), electrocardiography, and echocardiography. Body mass index (BMI, kg/m 2 ) was calculated as weight in kilograms divided by height in meters squared. Hypertension was defined as systolic blood pressure Ն140 mm Hg, diastolic blood pressure Ն90 mm Hg, or use of antihypertensive therapy. Diabetes was defined as fasting plasma glucose Ն126 mg/dL or use of insulin or hypoglycemic medications. Subjects underwent a standardized 2D echocardiographic examination. Left ventricular mass was calculated using the American Society of Echocardiography formula. 12 Left ventricular systolic dysfunction was defined as a fractional shortening Ͻ0.29 or visually estimated ejection fraction Ͻ0.50.
Plasma Natriuretic Peptide Measurements
Fasting subjects underwent phlebotomy in a supine position, typically between 8:00 and 9:00 AM. Samples were drawn in tubes containing EDTA, placed on ice, and centrifuged within 30 minutes. The plasma was frozen at Ϫ70°C until assay. Plasma levels of B-type natriuretic peptide (BNP) and the N-terminal component of pro-ANP (N-ANP) were measured using sensitive noncompetitive immunoradiometric assays (Shionogi). 13 Lower detection limits were 4 pg/mL for BNP and 94 pmol/L for N-ANP. Average interassay coefficients of variation were 12.2% for BNP and 12.7% for N-ANP.
Statistical Analyses
We examined the relations of plasma natriuretic peptide levels to BMI using multivariable analyses. Peptide levels were considered as continuous and as dichotomous variables. Low peptide levels were defined a priori as plasma BNP levels at or below the assay detection limit (4 pg/mL, observed in 25% of women and 38% of men) or N-ANP levels in the bottom sex-specific quartile (cut points 195 pmol/L in men and 251 pmol/L in women). Separate criteria were used for BNP and N-ANP because of different degrees of censoring by the lower detection thresholds of the respective assays. Similarly, BMI was treated as a continuous and as a categorical variable using the World Health Organization/National Institutes of Health classification scheme (normal Ͻ25 kg/m 2 , overweight 25.0 to 29.9 kg/m 2 , obese Ն30 kg/m 2 ). 14 For analyses examining continuous natriuretic peptide levels, we performed multivariable linear regressions with natural logtransformed BNP and N-ANP as the dependent variables. Tobit models, implemented using the SAS LIFEREG procedure, were estimated to account for left censoring of the peptide distributions. 15 Sex-specific regressions included BMI plus age, myocardial infarction, atrial fibrillation, diabetes mellitus, smoking, blood pressure stage (systolic blood pressure Ͻ140 and diastolic blood pressure Ͻ90 mm Hg; systolic blood pressure 140 to 159 or diastolic blood pressure 90 to 99 mm Hg; systolic blood pressure Ն160 or diastolic blood pressure Ն100 mm Hg, or use of antihypertensive therapy), 16 serum creatinine, left atrial size, left ventricular mass, and left ventricular systolic dysfunction. Adjustment for echocardiographic variables was performed because BMI is associated with left ventricular mass 2 and left atrial size, 17 which may directly affect natriuretic peptide levels. Because models used log-transformed dependent variables, we exponentiated the ␤ coefficient for BMI to characterize its multiplicative effect on absolute plasma natriuretic peptide levels. To accommodate missing data for LV mass, we used an indicator variable (measured LV mass, no/yes) and assigned the mean value in place of missing values. In additional models, we replaced the continuous BMI variable with BMI categories (normal, overweight, or obese). The results of the multivariable analyses were also used to examine the relations of BMI category to plasma natriuretic peptide levels according to hypertension status and diabetes status.
We used multivariable logistic regression analyses to analyze correlates of low plasma natriuretic levels. 18 We estimated odds ratios for having low natriuretic peptide levels according to BMI category, with normal BMI individuals as the referent group. Odds ratios were adjusted for the same covariates used in the linear models.
Secondary Analyses
We evaluated the relations of waist circumference, a measure of central adiposity, with plasma natriuretic peptide levels. We tested for the influence of age, sex, diabetes, and systolic blood pressure on the relations of BMI with natriuretic peptide levels by incorporating interaction terms, one at a time, in multivariable models with adjustment for multiple testing. Finally, we repeated all analyses after excluding participants taking ACE inhibitors, ␤-blockers, or diuretics. A 2-sided P value Ͻ0.05 was considered statistically significant.
Results
Characteristics of the study sample (mean age, 59 years; 53% women) are shown in Table 1 . Overall, 1410 (42%) participants were overweight and 946 (28%) participants were obese. Morbidly obese participants (BMI Ն40 kg/m 2 ) accounted for 3% of the study sample. Age-and sex-adjusted mean plasma natriuretic peptide levels were lower in obese (PϽ0.001) and overweight (PϽ0.002) individuals compared with individuals with normal BMI (Table 1) .
Obesity and Plasma Natriuretic Peptide Levels: Multivariable Analyses
After adjustment for age, clinical, and echocardiographic variables, BMI was inversely associated with plasma natriuretic peptide levels ( Table 2 ). In men, each standard deviation increase in BMI (ϩ4.4 kg/m 2 ) was associated with an 18% decrement in BNP and a 12% decrement in N-ANP (PϽ0.001 for both). In women, each standard deviation increase in BMI (ϩ5.7 kg/m 2 ) was associated with a 16% decrement in BNP and a 10% decrement in N-ANP (PϽ0.001 for both).
There was also a progressive decrease in plasma natriuretic peptide levels with increasing BMI category (P for trend Ͻ0.001; Table 2 ). Obese men had 40% lower plasma BNP levels and 26% lower plasma N-ANP levels compared with men with normal BMI (PϽ0.001 for both). Corresponding differences in women were 38% and 26% (PϽ0.001 for both). Significant reductions in plasma natriuretic peptide levels were observed in both class 1 (BMI 30 to 34.9 kg/m 2 ) and class 2 or greater (BMI Ն35 kg/m 2 ) obesity (PϽ0.001 for comparisons with normal BMI). Multivariable-adjusted mean levels of plasma BNP and N-ANP are shown in Figure 1 for each BMI category.
Results were similar in all analyses excluding participants taking ACE inhibitors, ␤-blockers, or diuretics. Interaction terms of BMI with age, sex, systolic blood pressure, and diabetes were not significant (with adjustment for multiple testing).
Obesity and Low Plasma Natriuretic Peptide Levels
We performed multivariable logistic regressions examining predictors of low plasma natriuretic peptide levels (Table 3) . After multivariable adjustment, being overweight was associated with a 1.4-to 3.5-fold increase in the odds of having low plasma natriuretic peptide levels. Obesity was associated with a 1.8-to 4.8-fold increase in the odds of having low plasma natriuretic peptide levels.
Joint Influences of Obesity, Hypertension, and Diabetes
The progressive decrease in adjusted plasma natriuretic peptide levels across BMI categories was observed in both hypertensive and nonhypertensive individuals (Figure 2) . Overall, plasma natriuretic peptide levels were 6% to 27% higher in hypertensive compared with nonhypertensive individuals. However, overweight and obese individuals with hypertension still had lower plasma BNP and N-ANP levels compared with nonhypertensive individuals with normal BMI. Additionally, the inverse relation between BMI category and natriuretic peptide levels was observed within normal, prehypertensive, and hypertensive subgroups, as classified by Joint National Committee VII (data not shown). 16 Adjusted mean plasma natriuretic peptide levels in individuals with and without diabetes mellitus are shown in Figure 2 . Participants with diabetes had lower adjusted plasma N-ANP levels (17% lower in men, PϽ0.001; 15% lower in women, PϽ0.001) than participants without diabetes. There was a trend toward lower adjusted plasma BNP levels in men (17% lower, Pϭ0.06) but not in women (8% lower, Pϭ0.39). The effects of diabetes and obesity on plasma natriuretic peptide levels were additive; thus, obese participants with diabetes had the lowest natriuretic plasma peptide levels of any subgroup ( Figure 2 ). In logistic regressions adjusting for all covariates including BMI and hypertension categories, diabetes was significantly associated with low plasma BNP levels (adjusted odds ratios, 1.51; 95% CI, 1.00 to 2.27 for men; adjusted odds ratios, 1.95; 95% CI, 1.26 to 3.02 for women) and low plasma N-ANP levels (adjusted odds ratios, 1.85; 95% CI, 1.15 to 2.96 for men; adjusted odds ratios, 2.29; 95% CI, 1.47 to 3.56 for women).
Waist Circumference and Plasma Natriuretic Peptide Levels
Substituting waist circumference for BMI yielded similar results in multivariable analyses. In men, each standard deviation increase in waist circumference was associated with a 16% decrement in BNP (PϽ0.001) and a 10% decrement in N-ANP (PϽ0.001). Corresponding values in women were also 16% and 10% (PϽ0.001 for both). In models incorporating both waist circumference and BMI, waist circumference added incremental information in women (Pϭ0.001 for log BNP, Pϭ0.003 for log N-ANP) but not in men (PϾ0.10 for both peptides).
Discussion
Obesity is a burgeoning public health problem in the United States. The prevalence of obesity-related conditions will likely increase if present trends continue. Obesity and excess weight account for approximately 40% of the population Table 2 . burden of hypertension. 19 Low plasma natriuretic peptide levels in obese individuals have been invoked as a potential mechanism for obesity-related hypertension by several investigators. 5, 6 An inverse association between BMI and natriuretic peptide levels has been noted in select groups, including hypertensive persons, 5 healthy nonobese individuals, 13 and patients with acute coronary syndromes. 20 The present study extends prior observations to a cohort of more than 3000 individuals who were not selected on the basis of BMI or the coexistence of another condition. The size of our study ensured adequate statistical power and enabled the use of multivariable analyses to account for potential confounding factors. Another novel aspect of the present study was the examination of clinical correlates of low plasma natriuretic peptide levels using predefined criteria.
Principal Findings
Obese and overweight individuals have considerably lower plasma natriuretic peptide levels than individuals with a normal BMI, a finding that is not attributable to underlying differences in cardiovascular risk factors or cardiac structure between obese and nonobese subjects. The validity of this observation is supported by its consistency across both natriuretic peptides, in both sexes, and in separate analyses focusing on low natriuretic peptide values. In women, an abdominal pattern of obesity additionally predicted lower natriuretic peptide levels, even after adjustment for BMI.
In experimental studies, reductions in natriuretic peptide secretion are associated with salt-sensitive hypertension and left ventricular hypertrophy. 21, 22 Heterozygous ANP knockout mice, which have basal ANP levels that are 9% lower than wild-type mice, have increased susceptibility to hypertension after a sodium load. 21 These observations provide indirect evidence that the reductions in circulating natriuretic peptide levels observed in our study (20% to 40% in obese individuals compared with lean individuals) may be physiologically significant.
Mechanisms for Reduced Natriuretic Peptide Levels in Obesity
Obesity is associated with salt retention and increased cardiac output, 23 which would be expected to produce elevated natriuretic peptide levels. That obesity seems to have the opposite effect is counterintuitive and presumably attributable to nonhemodynamic factors. Natriuretic peptide clearance receptors (NPR-C) are abundant in adipose tissue, suggesting that adipocytes participate in the removal of natriuretic peptides from the circulation. 24, 25 In experimental animals, caloric deprivation through fasting results in dramatic decreases in NPR-C gene expression 26 and increased circulating ANP levels. 27 Elevated NPR-C gene expression has been documented in the adipose tissue of humans with obesity and hypertension, 5 and allelic variants of this gene have been associated with lower plasma natriuretic peptide levels. 28 Reduced secretion of natriuretic peptides from diminished myocardial hormone release 6 or impaired synthesis 29 may also be an important explanation for low plasma natriuretic peptide levels. The finding of reduced N-ANP levels in our investigation supports this possibility. N-ANP is not cleared by clearance receptors in adipose tissue, and as such is an indirect indicator of preclearance levels. Additional data are needed to understand the relative importance of these mechanisms to the reduction in natriuretic peptide levels in obese Table 2 .
individuals. Simultaneous measures of plasma N-terminal pro-BNP (a propeptide) and BNP in obese and lean individuals may provide added insight.
Although the evidence noted above supports the hypothesis that low natriuretic peptide levels may be the consequence of obesity, recent investigations raise the interesting possibility that these relations may be bidirectional. Adipocytes also express NPR-A receptors, which mediate the biologic effects of natriuretic peptides. 25 Investigators have demonstrated that binding of ANP to NPR-A receptors on adipocytes induces lipolysis. 30 Thus, low natriuretic peptide levels may lead to reduced lipolysis, additionally perpetuating the obese state.
Separate and Joint Influences of Obesity, Hypertension, and Diabetes
Our data indicate that the influence of obesity on natriuretic peptide levels is independent of hypertension and diabetes. However, because obesity frequently coexists with hypertension and diabetes, it is important to consider the joint influences of these conditions on natriuretic peptide levels.
As in most reports, we observed that hypertension was associated with elevated plasma natriuretic peptide levels. 7, 8 It is noteworthy that obese and overweight participants with hypertension still had relatively low plasma natriuretic peptide levels compared with lean, nonhypertensive participants. Obese individuals may have circulating natriuretic peptide levels that are inappropriately low for the degree of hypertension. Loss of this protective mechanism may predispose to salt retention and excessive adrenergic tone, leading to persistent elevations in blood pressure. 4 Of note, we observed lower adjusted plasma N-ANP levels in participants with diabetes in our samples. We regard this finding as hypothesis generating because of the relatively small number of participants with diabetes in our sample. Others have reported elevated plasma natriuretic peptide levels in individuals with diabetes. 9 Additional investigations of a larger sample are warranted to better elucidate the effect of diabetes on natriuretic peptide levels.
Strengths and Limitations
Strengths of the present investigation include the large sample size, routine measurement of both plasma N-ANP and BNP, standardized ascertainment of clinical and echocardiographic covariates, and use of multivariable analyses.
Several limitations deserve comment. Plasma BNP levels in ambulatory individuals are frequently below the detection limit of present assays. We used Tobit models and logistic regression analyses to account for the left censoring of the BNP distribution. Misclassification of BNP levels above and below the detection limit would be expected to cause a conservative bias. Additionally, the consistency of our results across both BNP and N-ANP supports the validity of our findings, because only 2% of plasma N-ANP levels are below the detection limit.
It is also important to acknowledge that the physiological interactions of the natriuretic peptides, sodium intake, and other environmental and endogenous factors are complex. 1, 31 Despite the large sample size, our study was cross-sectional, so we cannot determine whether low plasma natriuretic peptide levels followed or preceded obesity. Additionally, the demonstration of low basal natriuretic peptide levels in ambulatory subjects may not signify an inadequate natriuretic peptide response to hemodynamic stress. Lastly, our criteria for low plasma natriuretic peptide levels, although established a priori, were empirical.
Implications
Our findings may have several implications. First, the observation of lower natriuretic peptide levels in obese individuals underscores the potential role of this pathway in the pathogenesis of obesity-related hypertension. Additional research is needed to elucidate the relations between low plasma natriuretic peptide levels and the chronic cardiovascular sequelae of obesity. Second, plasma natriuretic peptide levels may be a less useful marker for heart failure or left ventricular dysfunction in obese individuals, a speculation that merits investigation. Third, the response to exogenous natriuretic peptide therapy for congestive heart failure may be modified in the setting of obesity, in part because of increased peripheral clearance of these molecules. 32 Lastly, our findings raise the possibility that augmentation of the natriuretic peptide system may reduce the susceptibility of obese individuals to hypertension. Although the role of pharmacological manipulation of the natriuretic peptide axis remains to be defined, it is possible that weight loss could enhance endogenous natriuretic peptide activity in such individuals. 26, 32 Additional prospective studies in well-characterized samples will be required to confirm our findings and to evaluate these hypotheses.
